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Development of a Thrust Measurement System
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Abstract—KSLV-I(Korea Space Launch Vehicle-l) is designed as
a launch vehicle to enter a 100 kg-class satédlitae LEO(Low Earth
Orbit). Attitude angles of the upper-stage, inchgdioll, pitch and Pneumatic |, FM"9  Fine  Check
yaw are controlled by the cold gas thruster sysisimg nitrogen gas.  Connector 's\‘;::},':“ Filter ~ Valve
The cold gas thruster is an actuator in the RCS{fRen Control
System). To design an attitude controller for tipper-stage, thrust
measurement in vacuum condition is required. |a fdaper, the new
thrust measurement system and calibration mechaaisrdeveloped
and measurement errors and signal processing matequtesented.

Regulator
Filter

Keywords—cold gas thruster, launch vehicle, thrust measunéme
calibration mechanism, signal processing

Relief
- Roll +Pitch + Roll e

|. INTRODUCTION

SLV-I is the first space launch vehicle of Southr&a
KSLV--l is capable of launching a satellite weiggti100

kg into a low earth orbit. The first launch of KShVY is *+Roll | [
occurred in 2009 [1]. Launch vehicles require ragluracy of - Yaw ’-
attitude control system. The RCS(Reaction Contitedn) is 1

one of the common control system on-board launtiicies for - Roll
attitude and orbit control in vacuum condition. TRES utilizes
22 N-class cold gas thrusters. The cold gas thrimte been
developed as one of the thrusters used in the $pe&le
The RCS consists of pneumatic part and control. The
pneumatic part consists of two bottles for storafj@itrogen
gas, four thrusters for reaction force generatioregulator for Fig. 1 Cold gas thruster system on-board KSLV-I
regulated pressure generation, a pneumatic cormédoto
connection with first stage, a latch valve for floantrol, avent  The thruster for KSLV-I has three nozzles: a midubzzle
valve for drainage of propellant, a check valveekef valve for pitch or yaw control has a decline of 70 degd both end
and tube part for connection with all pneumatic ponents. nozzles for roll control have a decline of 90 dad(see Fig. 2)
The configuration of RCS pneumatic part is showthenFig. 1.  Thrust is measured only two nozzles of the thrusitere the two
To perform a precise attitude maneuver and anayfight end nozzles are symmetrical.
test results of RCS, accurate knowledge of thesthkevel

+ Roll -Pitch - Roll

becomes essential [4-6]. Since the RCS operatéghaaltitude, Pressure Sensor Electrical Conneclor
thrust measurement in vacuum is very important.9dsag the " . i
true direction and magnitude of the thruster foisevery 3 Nozzle Solenoid Valve

difficult on the ground. For testing thrusters,ighlty accurate
measurement system in vacuum is required. A genestiiod
for measuring thrust involves use of pendulums aiating
platforms that induce a displacement when impusapplied
[7-11].
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In this paper, a new thrust measurement systeravisldped
and data acquisition system and calibration meeharare
developed for the thrust measurement system.

1. COMPOSITION OF THRUST MEASUREMENT SYSTEM

To perform a precise maneuver, the accurate measutef
the thrust level is essential. Thrust measurenmevaicuum is an
important factor for designing an accurate attitadetroller

The system consists of a thruster, two regulators, rasth
stand, a vacuum chamber facility, a flow meter, aad
acquisition system, a filter, and a nitrogen ghisd system.

A. Thruster

The thruster generates reaction force by exhaustidygas
through on-off operations by solenoid valves. Theuster
consists of a nozzle part for thrust build-up, &soid valve
part for valve on-off operations, a body part fasdlow and
connections with other parts, and a connectorfpaslectrical
interface. The configuration and specificationhs thruster for
the KSLV-I is shown in Fig. 3 and listed in Table |

The thruster has a conical nozzle with the thréabhdter of 4
mm divergence cone angle of 15 deg. and is designemduce
about 26 N of thrust for a chamber pressure ofraddiB00 kPa.
Thruster has three nozzles and they are desigaatedzzle #1,
nozzle #2, nozzle #3.(see Fig. 2) Nozzle #2 andled#3 are
evaluated in the current tests.

TABLE |
SPECIFICATIONS OF THRUSTER
Operating pressure < 4035 kPa
Operating voltage 2816 VDC, 3 A

Thrust level
Response time

22 N ~ 26 N(at vacuum)
Thrust rising time < 40 msec
Thrust decaying time 40 mse:
Internal : I&ccs GN at 4035 kPa
External : bubble zero

Leakage

Pull-in voltage <10VvDC
Thrust alignment <+0%2
Expansion ratio 2.75(nozzle #1, #2, #3)
Etc. Pressure transducer mounting type

Specific impulse > 50 sec
Normally closed typ

e
Fig. 3 Thruster on the thrust stand

B. Regulator

A regulator must provide thrusters with regulatécbgen gas.
Lock-up pressure shall not vary over 5%. The funal
specifications of the regulator are shown in tH¥ang table.
Fig. 4 shows the configuration of the regulator.

TABLE Il
SPECIFICATIONS OF REGULATOR

Flow rate 0.25 kg/s at inlet pressure 600 psia

Operating media  Nitrogen, IPA, Heilum

Flow >0.25kg/sec

Operating 600 ~ 3,200 psia

pressur

Inlet port 1/2 inch

Outlet port 3/8inch

Running tim No Limit(Regulating

Leakage Internal : I&ccs GN at MEOP

External : Bubble Zero

Fig. 4 Regulator

C.Data acquistion system(DAQ)

The DAQ is consisted of a National Instrument DAGatul
and self-made DAQ software that controlled and estor
measurement data. The DAQ system also controlsgbeation
of thruster valves and measured the solenoid vehang
voltages.

D.Thrust stand

The thrust stand is an inverted pendulum type sliibrt thin
stainless steel plates at four corners to actabdprings for the
thrust force as well as to support the weight & thruster
assembly. The natural frequency of the thrust stsystem
including the thruster and gas tubing between kv Mmeter
and the thruster is approximately 100Hz. The nafteguency
of the thrust stand system is dictated by the glisg between
the flow meter and the thruster. The tubing is mstiffer than
the four thin plates. Schematic diagram of the ghrstand
system is shown in Fig. 5.
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The thruster is mounted on the thrust stand u$iaghruster
adaptor, when the thruster is firing, the thrustngt pushes
against the measurement load cell which is fixedhenbase
plate.

Fig. 5 Schematic diagram of thrust stand

E. Vacuum chamber and gas supply
Experiments are conducted in a vacuum chamber Iwith

Fig. 7 High pressure nitrogen tank and propellapipdy line
. THRUST MEASSUREMENT

A.Data acquisition

The measured data in the test were summarized @n th
following Table Ill. The mass flow rate measuremerats not
used in any analysis due to a reason which therfteter could
not operate properly in vacuum environment. Theeefihe
flow rate is calculated from the measured chambyesgure,
temperature, and regulated pressure along witrspleeified
throat diameter. The specific heat ratio is assutodue 1.4(a

long and 1m diameter in KARI.(see Fig. 6) The vaouu good approximation for diatomic gases such as gemy, and

chamber is pumped by two large rotary pumps, eéathich
has a maximum pumping speed of 7,200 L/min. Thegiogn
path has a diameter of approximately 4 in. andrgtle of
approximately 3 m. The conductance of the pumpiath s
roughly 1,100,000 L/min for viscous flow. The amitigacuum
pressure is kept below 13.3 kPa(in most casespiib kPa) in
all tests.

- by |

Fig. 6 Vacuum chamber facility

High pressure nitrogen gas propellant of up to 2% kPa
was supplied to the regulator from a high pressamk through
a high pressure regulator and on/off ball valve. (Big. 7)

the specific impulse, Isp, is determined by thewalted flow
rate and the measured thrust. The thruster chapressures,
regulated pressure, and nitrogen supply pressuemweasured
by Kulite ETM-375 pressure transducers. The lowuvac
pressure was measured by a thermal conductancedagpem
gauge. The thruster gas tubing and nozzle temperatare
measured by Omega SRTD-2 temperature sensors.hfim t
calibration and measurement were done using TEAC
TC-USR29-50N load cells and TD-270 indicators. The
indicators converted the digital signals to analatput signals
that would be read by the DAQ. The DAQ system also
controlled the operation of thruster valves and suesd the
solenoid valve driving voltages.

TABLE Il
LIST OF MEASUREMENT DATA
Thruster nozzle #2 (chamber pressure)
Thruster nozzle #3 (chamber pressure)
Regulator outlet pressure
(regulated pressure)
Nitrogen supply pressure

Pressure
Tank pressure(high source pressure)
Vacuum (low vacuum)
Vacuum (medium vacuum)
Vacuum (high vacuum)
Thruster gas tubing
Temperature Thruster nozzle
Flow rate Mass flow rate
Force Thrust (1 axis)
Actuator command Solenoid valve driving voltage
voltage
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B. Signal processing

An example of the above initial data analysis segaefor the
thrust data is shown in Fig. 8. The pink line iredes the raw thrust
data of the thruster nozzle #2 in vacuum test. fidise in the raw
thrust data, which is attributed to mechanical aitan caused by
the two large rotary pumps, is removed by the Whladrics
IGOR'’s smoothing operation resulting in the purple. IGOR is
a publication quality scientific and engineeringgics program.
The zero offset is determined from the purple stnedtline by
selecting a point at each interval where the tlerus closed.
Finally, the red zero offset line is subtractednirdghe purple
smoothed line to give the corrected data, the glieerin the Fig. 8.
An example result of the whole analysis is showfign 9. Note
that the radical variation of Isp during the thergiff time in Fig. 9
is not a real phenomenon. Similar data analysispea®rmed on
each of the continuous firing tests.

—— Raw Data

—— Smoothed Data
—— Zero Offset
— Corrected Data

Fig. 8 Example of data analysis
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Fig. 9 Example of a whole analysis

C.Calibration mechanism

Before measurements, the thrust stand systenilisataid by
the calibration load cell which is located righfiiant of the test
nozzle. Using a calibration adaptor, the nozzpaushed against
the calibration load cell, and in turn, the thra&ind pushes
against the measurement load cell. The outputeo€#tibration
load cell is the same force that the nozzle wowddegate as
thrust, and the output of the measurement loadsc#lle thrust
stand system response to the input thrust force r&lationship

of these two load cell outputs as Fig. 10 givasia thrust force
from the measured load cell output. After calitoafi the
relationship of these two load cell signals is shawFig. 11.
Before testing, the calibration load cell and itangl are
removed.

50—

Measurment load cell ——

Calibration load cell

Load cell output(N)
&
T

| | |
0 100 200 300

Time(s)
Fig. 10 Load cells output signals before calibmatio
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Fig. 11 Load cells output signals after calibration

D.Measurment error

The data in the thrust measurement tests suches, thressure,
and temperature are subject to errors associatetl thie
uncertainty in the measurement system and sensbns.
measurement error associated with the load ceité@tdr is
+0.76 %. The error associated with the misalignmehthe
thruster nozzle axis can be attributed to the ttstesxd machining
tolerances. The worst case would be 1.2 mm displané over
200 mm length which corresponds to 0.34 deg. ngsalent. This
misalignment gives rise to an error of 0.002 % lwe thrust
measurement. Therefore, the error in thrust foremsurements
related to the thrust stand system is conservgtegimated to be
+0.8 %.

The measurement error associated with the varisasspre
measurements depends on linearity, hysteresisataméty, and
zero shift of the pressure transducers. The erradhé pressure
measurements is1.5 % of full scale according to the specification
of Kulite ETM-375 pressure transducers. Since thiestale of the
sensor used in the experiment is 6,793 kPa, tloe ierthe pressure
measurements 8102 kPa. The accuracy of the Omega SRTD-2
temperature sensors i#5-0.5 % of the measured temperature
according to its manual. The stability is said ¢oléss than 0.2 °C
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drift per year at rated service temperature withppr mounting.
This drift would be less than 0.008 °C for duratmintwo weeks
for the thrust measurement tests. Thus, the emrdemperature
measurement is conservatively estimated ta®é %.

Errors that arise from the processes of data aemlywe
significant. The most important one is an erromfraero offset 1]
correction in the data analyses. For example, theist 2]
measurement data are first filtered to reduce rfoise the nearby
pumps and power sources. Then, the zero offsesteymined by
selecting thrust measurement values when the #ristclosed.
The source of the error in determining zero offsehe fact that 31
the offset itself is varying during the thrusterirfg. Upon [4]
examining the results of zero offset determinatitime error
associated with zero offset analyses is estimatbeé+2 % for the
thrust measurements an@0 kPa in pressure measurements. Thg;
error in time measurement is dictated by the sargilime and the
DAQ board. Since the DAQ board has the capabilitsesolving
much higher sampling rate than the actual samptitey the error
in time measurement is estimated to be less thére sampling
time which is either 1ms or 10ms. [7]

In conclusion, the errors are estimated to be £3.& thrust
measurements, +122 kPa in pressure measuremen,%¢0n

(6]

temperature measurements, and +1ms or 10 ms deyeodithe [81
sampling time, in time measurements. [9]

E. Flow rate measurements problem

Flow rate measurementes by a mass flow meter wese f[10]
expected to give a great insight into thruster quennce in
continuous firing tests. However, the collectedadahowed an
unexpected behavior of the flow meter(Brooks Insignt 5863S). [11]
The flow meter reading exceeded its upper randiesatvhen the
thruster was opened and then settled to a steduly 28 s after the
initial activation of the thruster. This behavioppeared only [12]
during vacuum tests. The manufacture of the flowemeBrooks
Instrument, later admitted that the flow meter niight operate
properly in vacuum environment due to the factttiemal mass (13]

flow sensor was not contained in a sealed vesselw8 used the
calculated flow rate. The flow rate was calculatedm the

measured chamber pressure, temperature, and @gplassure
anlong with the specified throat diameter. The Hjmelgeat ratio is

assumed to be 1.4(a good approximation for diataya&es such
as nitrogen), and the specific impulse, Isp, isdeined by the
calculated flow rate and the measured thrust.

IV. CONCLUSION

The primary purpose of the vacuum thrust measuremen
facility was to measure thrust force of the quadifion models
of RCS cold gas thrusts in vacuum environment. \&sghed
and manufactured a thrust measurement device ribhtdied
thrust calibration mechanism. We also designed and
manufactured interface brackets to mount thrustethe thrust
stand, data acquisition, valve control system, fsigtl pressure
propellant feed system. This system was used tosthr
measurment for the cold gas thruster of KSLV-I [13]
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